Epigenetics refers to heritable patterns of gene expression that occur without a change in the nucleotide sequence of DNA. Epigenetic modifications include DNA methylation and covalent modification of histone proteins (8, 20) . Histones are subject to a variety of covalent modifications, including acetylation, phosphorylation, methylation, ubiquitination, sumoylation, and ADP-ribosylation (41) . DNA methylation involves the addition of a methyl group to the carbon-5 position of the cytosine ring and is correlated with heterochromatin and gene repression (38, 50) . Cytosine methylation plays essential roles in development, gametogenesis, X chromosome inactivation, genomic imprinting, and genome stability (3, 28) , and dynamic changes in DNA methylation and histone modifications are necessary for in vitro differentiation of embryonic stem (ES) cells (18, 22, 45) .
Cytosine methylation is catalyzed by DNA methyltransferase (Dnmt) enzymes in the context of CpG dinucleotides in mammalian cells (50) . The maintenance methyltransferase Dnmt1 exhibits a preference for hemimethylated substrates and is primarily responsible for copying cytosine methylation patterns from the parental to daughter DNA molecules following semiconservative DNA replication (3, 36) . In contrast, Dnmt3A and Dnmt3B are primarily responsible for the establishment of de novo cytosine methylation patterns during early embryonic development (3, 36, 63) .
Histone methylation is carried out by a family of histone methyltransferases, many of which contain a catalytic SET [Su(var)3-9, Enhancer of Zeste, trithorax] domain (13) . Methylation of histone H3 at Lys4 (H3-Lys4) is associated with transcriptionally active euchromatin. Saccharomyces cerevisiae expresses only a single H3-Lys4 methyltransferase, referred to as Set1, which associates with a complex known as COMPASS (complex proteins associated with Set1) (34) . In contrast, mammalian cells contain numerous histone methyltransferases that exhibit specificity for histone H3-Lys4, including Setd1A, Setd1B, Mll1, Mll2, Mll3, Mll4, Smyd1, Smyd2, Smyd3, and Set7/9 (13, 15, 23, 25) .
CXXC finger protein 1 (Cfp1), encoded by the CXXC1 gene, is an epigenetic regulator of both cytosine and histone methylation that physically interacts with both Dnmt1 (7) and with the Setd1 histone H3-Lys4 methyltransferase complexes (23, 25) . Cfp1 contains several conserved protein domains, including two plant homeodomains (PHD). PHD finger domains are found in several dozen proteins involved in chromatin-mediated transcriptional control (17) and may be involved in the recognition of differentially modified histone tails (1, 44, 49) . Cfp1 contains a cysteine-rich CXXC DNA-binding domain that exhibits binding affinity to DNA sequences containing unmethylated CpG dinucleotides (26, 59) . Cfp1 also contains acidic, basic, and coiled-coil domains and a Set1 interaction domain (SID) that is required for interaction with the Setd1A and Setd1B histone H3-Lys4 methyltransferase complexes (7, 26, 59) .
Cfp1 is crucial for vertebrate development, and disruption of the murine CXXC1 gene results in early embryonic lethality. Embryos that lack the CXXC1 gene (CXXC1 Ϫ/Ϫ ) fail to gastrulate and exhibit peri-implantation lethality around 4.5 to 6.5 days postcoitus (9) . Depletion of Cfp1 in zebrafish embryos results in decreased global cytosine methylation and a failure of primitive hematopoiesis (64) , and depletion of Cfp1 in the PLB-985 human myeloid cell line results in reduced survival and impaired myeloid cell differentiation (65) . CXXC1 Ϫ/Ϫ murine ES cells exhibit a variety of defects, including a ϳ70% decrease in global cytosine methylation and an increase in histone H3-Lys4 methylation, which are indicative of reduced levels of heterochromatin. ES cells lacking Cfp1 also suffer from an inability to achieve in vitro differentiation (9) . Reduced cytosine methylation in CXXC1 Ϫ/Ϫ ES cells is a consequence of impaired maintenance cytosine methylation. In contrast, de novo cytosine methylation is normal in these cells (9) . These data demonstrate that Cfp1 plays an
FIG. 1. Isolation of CXXC1
Ϫ/Ϫ ES cell clones expressing Cfp1 fragments. (A) A schematic representation of each Cfp1 construct is shown. The filled circle at the N terminus of each construct represents the FLAG epitope, and NLS denotes a nuclear localization signal (24) 
. (B) The level of Cfp1 expression in CXXC1
ϩ/ϩ , CXXC1 Ϫ/Ϫ , and CXXC1 Ϫ/Ϫ ES cells expressing either full-length Cfp1 (1-656) or the indicated Cfp1 truncations (or carrying the empty expression vector) was assessed by Western analysis using antiserum directed against Cfp1 (25) . A representative blot is presented. Asterisks denote the position of Cfp1 and each FLAG-Cfp1 protein. The blot was reprobed for ␤-actin as a loading control. The graph summarizes the results from at least three independent experiments, and error bars represent standard error.
FIG. 2. Cfp1 contains redundant functional domains sufficient to rescue the deficiency in plating efficiency observed in CXXC1
Ϫ/Ϫ ES cells. The graph summarizes the plating efficiency of CXXC1 ϩ/ϩ , CXXC1 Ϫ/Ϫ , and CXXC1 Ϫ/Ϫ ES cells expressing full-length Cfp1 (1-656) or the indicated Cfp1 fragments (or carrying the empty expression vector). Plating efficiency was determined by counting the number of colonies formed after plating 400 cells. The graph summarizes data from at least three independent experiments performed in triplicate, and error bars represent standard error. Asterisks denote statistically significant (P Ͻ 0.05) differences compared to CXXC1 Ϫ/Ϫ ES cells expressing Cfp1 important role in the regulation of cytosine and histone methylation and cellular differentiation. Importantly, the defects observed in CXXC1 Ϫ/Ϫ ES cells are corrected upon introduction of a full-length Cfp1 expression vector, indicating that the CXXC1 Ϫ/Ϫ ES cell phenotype is specifically due to the absence of Cfp1 and that epigenetic perturbations that occur in the absence of Cfp1 are reversible (9) .
The ability of wild-type Cfp1 to rescue the defects observed in CXXC1 Ϫ/Ϫ ES cells provides a convenient method to assess structure-function relationships of Cfp1. The purpose of this study was to determine the functional importance of various Cfp1 domains and properties. Unexpectedly, these studies reveal that expression of either the amino half of Cfp1 (amino acids [aa] 1 to 367 [Cfp1 ]) or the carboxyl half of Cfp1 (Cfp1 ) is sufficient to correct the defects observed in CXXC1 Ϫ/Ϫ ES cells and that Cfp1 contains redundant functional domains. Additional studies revealed that retention of either the DNA-binding domain or SID is required for Cfp1 function.
MATERIALS AND METHODS
Cell culture. HEK-293 (human embryonic kidney) cells were grown in Dulbecco's modified Eagle's medium (Gibco BRL Life Technologies, Grand Island, NY) supplemented with 10% fetal calf serum (HyClone, Logan, UT). Isolation of CXXC1 Ϫ/Ϫ murine ES cell lines was previously described (9) . ES cells were cultured on 0.1% gelatin-coated tissue culture dishes in high-glucose Dulbecco's modified Eagle's medium (Gibco BRL Life Technologies) supplemented with 20% fetal bovine serum (Gibco BRL), 100 units/ml penicillin-streptomycin (Invitrogen, Carlsbad, CA), 2 mM L-glutamine (Invitrogen), 1% nonessential amino acids (Invitrogen), 0.2% leukemia inhibitory factor (LIF)-conditioned medium, 100 nM ␤-mercaptoethanol, 0.025% HEPES, pH 7.5 (Invitrogen), and 1% Hank's balanced salt solution (Invitrogen). In vitro differentiation of ES cells was performed using the hanging drop method in the absence of LIF, as previously described (9) . Alkaline phosphatase activity was histochemically detected using an alkaline phosphatase leukocyte detection kit (Sigma-Aldrich) as previously described (9) . To perform colony forming assays, 400 ES cells were plated, and colonies were allowed to form for 7 to 9 days; they were then fixed in methanolacetic acid (3:1) and stained with 0.02% crystal violet and counted. Plasmid construction and transfection of ES cells. cDNA constructs which encode full-length FLAG epitope-tagged human Cfp1 (aa 1 to 656) or various Cfp1 fragments and mutations were subcloned into the pcDNA3.1/Hygro mammalian FIG. 3. Redundant functional domains of Cfp1 are sufficient to rescue reduced cytosine methylation in CXXC1 Ϫ/Ϫ ES cells. A. Global cytosine methylation levels were determined by methyl acceptance assay for genomic DNA isolated from CXXC1 ϩ/ϩ , CXXC1 Ϫ/Ϫ , and CXXC1 Ϫ/Ϫ ES cells expressing full-length Cfp1 (1-656) or the indicated Cfp1 fragments (or carrying the empty expression vector). The graph represents the results from three independent experiments, and error bars represent standard error. Asterisks denote statistically significant (P Ͻ 0.05) differences compared to CXXC1 Ϫ/Ϫ ES cells expressing Cfp1 . (B) Genomic DNA was isolated from the indicated ES cell lines and digested with MspI or HpaII, and Southern blot analysis was performed using a radiolabeled probe specific for IAP retrovirus repetitive elements. Arrows indicate bands that demonstrate cytosine hypomethylation. (C) Western blot analysis was performed on protein extracts collected from the indicated ES cell lines, using antiserum directed against Dnmt1 (7). The blot was reprobed for ␤-actin as a loading control. The graph summarizes the results from at least three independent experiments, and error bars represent standard error. Asterisks denote statistically significant (P Ͻ 0.05) differences compared to CXXC1 Ϫ/Ϫ ES cells expressing Cfp1 .
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expression vector (Invitrogen). The amino-terminal bipartite nuclear localization signal of Cfp1 (aa 109 to 121) was inserted between the FLAG epitope and Cfp1 sequence for constructs containing Cfp1 361-656 or Cfp1 361-656 C375A. Amino acid substitutions within Cfp1 were carried out using a QuikChange II site-directed mutagenesis kit (Stratagene, La Jolla, CA) per the manufacturer's protocol using primers as previously described (7, 26) . Twenty-five micrograms of each plasmid was linearized and electroporated into CXXC1 Ϫ/Ϫ ES cells. Hygromycin B-containing medium was added after 24 h and replaced every other day for approximately 2 weeks before single colonies were isolated for expansion. For experiments, cells were grown in ES culture medium containing 50 g/ml hygromycin B. Expression of FLAG-tagged Cfp1 fragments was verified by Western blot analysis using anti-FLAG (SigmaAldrich) or anti-Cfp1 (25) antibodies. For each construct, several independent clones that expressed FLAG-Cfp1 at a level exceeding 50% of the wild-type Cfp1 levels were selected for analysis.
Production of His 6 -tagged proteins and electrophoretic mobility shift assays (EMSAs). Production of His 6 -tagged Cfp1 protein fragment was performed as previously described (26) . Briefly, isopropyl-␤-D-thiogalactopyranoside-induced Escherichia coli cells were sonicated on ice for 10 min. Following centrifugation at 15,000 rpm for 30 min, supernatants were loaded onto a His-Trap purification column (Amersham Pharmacia Biotech, GE Healthcare, United Kingdom) and eluted with 500 mM imidazole. For Western blot analysis, 0.5 g of partially purified protein was subjected to 10 to 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and proteins were transferred onto a nitrocellulose membrane (Amersham, GE Healthcare). The membrane was then incubated with anti-His 6 tag monoclonal antibody (R&D Systems, Minneapolis, MN) followed by horseradish peroxidase-labeled anti-mouse antiserum and detected using an ECL detection kit (Amersham, GE Healthcare).
An EMSA was performed as previously described (26, 51) , using 0.01 to 0.1 g of partially purified Cfp1 protein fragment and an end-labeled double-stranded oligonucleotide probe containing a CpG dinucleotide (5Ј-CTATGCTTCTTCT TCCGGTGAGGAAATGAAAACAGCAG-3Ј).
Immunoprecipitation. Nuclear extracts of HEK-293 cells expressing FLAGCfp1 proteins were prepared as previously described (23) . Nuclear extracts were incubated with FLAG-immunoglobulin G-agarose slurry (Sigma-Aldrich) for 4 h and washed five times with extraction buffer containing 300 mM NaCl. Recovered proteins were analyzed by Western blotting as described below.
Analysis of cytosine methylation. Global cytosine methylation was assessed utilizing a methyl acceptance assay as previously described (2, 9, 64) . Briefly, 500 ng of genomic DNA was incubated with 2 Ci of S-adenosyl-L-[methyl- To analyze cytosine methylation at intracisternal A particle (IAP) retroviral repeats, genomic DNA was digested with MspI or the methyl-sensitive isoschizomer HpaII (New England Biolabs), and Southern blot analysis was performed, as previously described (9) . Membranes were probed with a 32 P-labeled IAP repetitive element probe, generously provided by En Li (Novartis Institutes for Biomedical Research, Cambridge, MA).
Histone protein preparation. Histones were isolated using a histone extraction protocol (Abcam Inc., Cambridge, MA). Briefly, ES cells were collected and resuspended in Triton extraction buffer ([TEB] phosphate-buffered saline containing 0.5% Triton X-100, 2 mM phenylmethylsulfonyl fluoride, 0.02% NaN 3 ) on ice for 10 min with gentle agitation. After centrifugation, pellets were briefly washed with TEB and resuspended in 0.2 N hydrochloric acid (HCl), and histones were extracted overnight at 4°C. Acid-insoluble proteins were removed by centrifugation, and supernatant containing histones was collected. Histones were precipitated by adding 8 volumes of acetone and incubating the mixture at Ϫ20°C overnight. The histone pellets were then washed twice with acetone-100 mM HCl (10:1) and three times with acetone. Pellets were dried and resuspended in distilled water.
Western blot analysis. Protein expression of Cfp1 and FLAG-tagged Cfp1 fragments was assessed following isolation of whole-cell protein extracts as previously described (23) . Dnmt1 protein expression was assessed following isolation of nuclear extracts as previously described (23) . Protein concentration was quantified using the Bradford method (6) . In order to separate proteins, 60 g of whole-cell protein or 100 g of nuclear extract was subjected to electrophoresis on 7% (Cfp1), 4 to 12% (Dnmt1), or 12% (total histone H3 and trimethylated H3-Lys4) PAGEr-Gold precast Tris-glycine gradient gels (Lonza Group, Ltd., Switzerland) and transferred to nitrocellulose membranes (Amersham, GE Healthcare). The membranes were probed with primary antiserum for 1 h at room temperature or overnight at 4°C, washed, and incubated with an appropriate horseradish peroxidase-labeled secondary antibody diluted for 1 h. Membranes were washed, and signal was detected with an ECL kit (Amersham, GE Healthcare) and quantified by densitometry (Image J, NIH). The following antisera were used for immunoblotting: rabbit polyclonal Cfp1 (25) ; mouse monoclonal ␤-actin and mouse monoclonal FLAG (SigmaAldrich); rabbit polyclonal Dnmt1 (7); rabbit polyclonal trimethylated H3-Lys4 and total histone H3 (Abcam, Cambridge, MA); rabbit polyclonal Setd1A, Setd1B, Wdr82, and Wdr5 (25); or rabbit polyclonal Ash2 or Rbbp5 (Bethyl Laboratories, Montgomery, TX).
RT-PCR analysis. Developmentally and lineage-specific mRNA in ES cells was detected by reverse transcription-PCR (RT-PCR) as previously described (23) . The following primer pairs were used: Hprt, 5Ј-CACAGGACTAGAACA CCTGC-3Ј and 5Ј-GCTGGTGAAAAGGACCTCT-3Ј (21); Brachyury, 5Ј-ATC AAGGAAGGCTTTAGCAAATGGG-3Ј and 5Ј-GAACCTCGGATTCACATC GTGAGA-3Ј (62); ␤H1, 5Ј-AGTCCCCATGGAGTCAAAGA-3Ј and 5Ј-CTCA AGGAGACCTTTGCTCA-3Ј; c-fms, 5Ј-CTGAGTCAGAAGCCCTTCGACA AAG-3Ј and 5Ј-CTTTGCCCCAGACCAAAGGCTGTAGC-3Ј (33); gp-IIB, 5Ј-AGGCAGAGAAGACTCCGGTA-3Ј and 5Ј-TACCGAATATCCCCGGTAA C-3Ј (57); Gata-4, 5Ј-CACTATGGGCACAGCACAGCAGCTGG-3Ј and 5Ј-T TGGAGCTGGCCTGCGATGTC-3Ј (62); and Oct4, 5Ј-GGCGTTCTCTTTGG AAAGGTGTTC-3Ј and 5Ј-CTCGAACCACATCCTTCTCT-3Ј (generously provided by Rebecca Chan, Indiana University). The ratio of Oct4 to Hprt expression was determined by quantifying band intensities using densitometry.
Statistical analysis. Statistical significance was assessed by a two-tailed Student t test with equal variance, compared to the data for CXXC1 Ϫ/Ϫ ES cells expressing the vector control or full-length Cfp1 (Cfp1 1-656 ). A P value Ͻ 0.05 was interpreted as statistical significance.
FIG. 4. Redundant functional domains of Cfp1 are sufficient to restore appropriate levels of histone H3-Lys4 trimethylation in CXXC1
Ϫ/Ϫ ES cells following induction of differentiation. ES cells were induced to differentiate for 6 days by the removal of LIF from the culture medium. Histone protein extracts were isolated from CXXC1 ϩ/ϩ , CXXC1 Ϫ/Ϫ , and CXXC1 Ϫ/Ϫ ES cells expressing fulllength Cfp1 (1-656) or the indicated Cfp1 fragments (or carrying the empty expression vector) and subjected to Western blot analysis using antiserum directed against histone H3-Lys4 trimethylation (H3-Lys4me3). The membrane was also probed with total histone H3 antiserum as a loading control. The graph represents average levels of global histone H3-Lys4 trimethylation from at least three independent experiments, and error bars represent standard error. Asterisks denote statistically significant (P Ͻ 0.05) increases in histone H3-Lys4 trimethylation compared to CXXC1 ϩ/ϩ ES cells expressing Cfp1 . 1A) were electroporated into CXXC1 Ϫ/Ϫ ES cells. Stably transfected clones were selected, and clones were screened for FLAG-Cfp1 protein expression by Western blot analysis using anti-Cfp1 antiserum (Fig. 1B) . ES cells heterozygous for the disrupted CXXC1 allele (CXXC1 ϩ/Ϫ ) express ϳ50% of Cfp1 protein compared to wild-type (CXXC1 ϩ/ϩ ) ES cells and do not exhibit a phenotype (9) . Consequently, clones that expressed at least 50% of the level of Cfp1 observed in CXXC1 ϩ/ϩ ES cells were selected for analysis (Fig. 1B) .
Plating efficiency is the percentage of seeded cells that give rise to cell colonies. Plating efficiency is approximately 38% for CXXC1 ϩ/ϩ ES cells and is significantly decreased (ϳ14%) in CXXC1 Ϫ/Ϫ ES cells (Fig. 2) . Thus, fewer ES cells survive and form a colony in the absence of Cfp1. This reduction in plating efficiency is rescued upon expression of full-length Cfp1 (Cfp1 1-656 ), indicating that decreased plating efficiency is specifically due to loss of Cfp1. CXXC1 Ϫ/Ϫ ES cells expressing Cfp1 (containing the PHD1, CXXC, acidic, basic, and coiled-coil domains) exhibit a normal plating efficiency (Fig. 2) , demonstrating that the PHD2 domain is not necessary for the rescue of plating efficiency. Surprisingly, expression of either the amino half of Cfp1 (Cfp1 1-367 containing the PHD1, CXXC, acidic, and basic domains) or the carboxyl half of Cfp1 (Cfp1 361-656 containing the coiled-coil, SID, and PHD2 domains) is sufficient to rescue the plating efficiency defect observed in CXXC1 Ϫ/Ϫ ES cells. However, removal of the basic domain or PHD1 domain from the N-terminal half of Cfp1 (Cfp1 1-320 or Cfp1 103-367 , respectively) or removal of the (9) . The cysteine-rich CXXC domain functions as the sole DNA-binding domain of Cfp1 (26) . S. cerevisiae, Schizosaccharomyces pombe, and Caenorhabditis elegans lack cytosine methylation, and their respective Cfp1 homologues lack the CXXC domain. Therefore, the CXXC domain is expected to play a crucial role in the regulation of cytosine methylation. Consequently, experiments were performed to determine if the DNA-binding activity of Cfp1 plays an essential role in the regulation of cytosine methylation. Global cytosine methylation was analyzed using a DNA methyl acceptance assay. This assay utilizes an in vitro methylation reaction to quantify transfer of radiolabeled methyl groups from Sadenosyl-L-methionine onto genomic DNA sites that are not methylated (2) . Therefore, the number of radiolabeled methyl groups incorporated into a DNA sample is inversely related to the native cytosine methylation status.
Consistent with a previous report (9) , DNA isolated from CXXC1 Ϫ/Ϫ ES cells (or ES cells carrying the empty expression vector) accepts approximately 3.5-fold more methyl groups than DNA derived from CXXC1 ϩ/ϩ ES cells, indicating a ϳ70% decrease in global cytosine methylation in cells lacking Cfp1 (Fig. 3A) . The reduced cytosine methylation observed in CXXC1 Ϫ/Ϫ ES cells is rescued by expression of Cfp1 1-656 (the full-length protein) (Fig. 3A) . Consistent with the rescue of plating efficiency, expression of Cfp1 in CXXC1 Ϫ/Ϫ ES cells also rescues global cytosine methylation. In addition, expression of either the amino half of Cfp1 (Cfp1 1-367 ) or the carboxyl half of Cfp1 (Cfp1 361-656 ) is sufficient to rescue the cytosine methylation defect (Fig. 3A) . Therefore, Cfp1 DNAbinding activity is not essential to maintain appropriate cytosine methylation levels because the CXXC DNA-binding domain is absent from the Cfp1 361-656 fragment. The basic domain is indispensable for rescue activity of Cfp1 1-367 because removal of the basic domain from the N-terminal Cfp1 1-320 fragment results in failure to rescue global cytosine methylation (Fig. 3A) . In contrast to its inability to rescue plating efficiency, Cfp1 103-367 does rescue global cytosine methylation, indicating that the PHD1 domain is not essential for appropriate cytosine methylation. Lastly, CXXC1 Ϫ/Ϫ ES cells expressing Cfp1 318-481 exhibit decreased cytosine methylation, indicating that the PHD2 domain is required for cytosine methylation rescue activity of the C-terminal Cfp1 fragment.
Southern blot analysis was used to analyze cytosine methylation specifically at IAP retroviral repeats (Fig. 3B) . IAP repeats are endogenous retroviral sequences present in multiple copies in the mouse genome and normally demonstrate a high level of cytosine methylation (43) . The methylation status of the IAP repeats was investigated by Southern blot analysis following digestion of genomic DNA with the restriction enzyme MspI or its cytosine methylation-sensitive isoschizomer HpaII. Consistent with the rescue of global cytosine methylation (Fig. 3A) Cfp1 contains redundant functional domains that are sufficient to restore appropriate histone methylation. Global levels of histone H3-Lys4 methylation transiently decline once ES cells start to differentiate (22) . However, following induction of in vitro differentiation, CXXC1 Ϫ/Ϫ ES cells exhibit an inappropriate increase in histone H3-Lys4 trimethylation 6 days following the removal of LIF from the medium (23). Consequently, Cfp1 is postulated to restrict the activity of the Setd1A and Setd1B histone H3-Lys4 methyltransferase complexes. ES cells were cultured under conditions to promote differentiation, and histones were isolated after 6 days to assess the global levels of histone H3-Lys4 trimethylation. The level of histone H3-Lys4 trimethylation is significantly elevated (approximately twofold) in CXXC1 Ϫ/Ϫ ES cells and cells carrying the empty expression vector (Fig. 4) . However, global levels of histone H3-Lys4 trimethylation are reduced to normal levels in CXXC1 Ϫ/Ϫ ES cells expressing Cfp1 . As with the rescue of other aspects of the Cfp1-deficient phenotype, histone H3-Lys4 trimethylation is rescued upon expression of either the amino half of Cfp1 (Cfp1 1-367 ) or carboxyl half of Cfp1 (Cfp1 361-656 ) (Fig. 4) . Also, expression of Cfp1 1-481 or Cfp1 103-367 restores normal histone H3-Lys4 trimethylation, indicating that the PHD1 and PHD2 domains are not required.
However, the basic domain is required for histone methylation rescue activity of Cfp1 , and the PHD2 domain is required for rescue activity of Cfp1 318-481 .
Cfp1 contains redundant functional domains that are sufficient to rescue in vitro differentiation. ES cells lacking Cfp1 fail to differentiate in vitro following the removal of LIF from the growth medium, and this defect is rescued by introduction of a full-length Cfp1 cDNA expression vector (9) . Experiments were performed to determine which functional domains of Cfp1 are necessary and sufficient to support in vitro differentiation of ES cells.
Following growth in medium lacking LIF, CXXC1 ϩ/ϩ and CXXC1 Ϫ/Ϫ ES cells expressing either Cfp1 1-656 , Cfp1 1-481 , Cfp1 1-367 , or Cfp1 361-656 grow large cell aggregates (embryoid bodies) and form a prominent outgrowth characteristic of endoderm differentiation (Fig. 5A) . CXXC1 Ϫ/Ϫ ES cells expressing Cfp1 103-367 exhibited a slight decrease in the amount of outgrowth present. In contrast, CXXC1 Ϫ/Ϫ and CXXC1
Ϫ/Ϫ
ES cells expressing Cfp1 1-320 or Cfp1 318-481 (or carrying the empty expression vector) produce cell aggregates that remain small and fail to produce an outgrowth (Fig. 5A) , indicating an inability to achieve in vitro differentiation. Alkaline phosphatase is a marker of pluripotency in ES cells that is downregulated upon cellular differentiation (61) . Consistent with colony morphology results (Fig. 5A) , CXXC1 shown. The amino acids chosen for site-directed mutagenesis (C375 and YCS389-391AAA) are indicated with arrows. As previously published (7), FLAG immunoprecipitation was carried out using full-length wild-type or mutated Cfp1. Western blot analysis of immunoprecipitates was performed to determine interaction of Cfp1 with Setd1A, Setd1B, Ash2, Rbbp5, Wdr5, Wdr82. This figure is reprinted from reference 7 with permission from the publisher. (Fig. 5B) . Approximately 25% of CXXC1 Ϫ/Ϫ ES cells expressing Cfp1 103-367 express alkaline phosphatase activity following induction of differentiation, indicating an intermediate degree of differentiation that is consistent with colony morphology. In contrast, CXXC1 Ϫ/Ϫ and CXXC1 Ϫ/Ϫ ES cells expressing Cfp1 1-320 or Cfp1 318-481 (or carrying the empty expression vector) retain alkaline phosphatase activity following removal of LIF, indicating that these cells retain stem cell properties and fail to differentiate (Fig. 5B) .
Oct4 is a transcription factor that is expressed in pluripotent ES and germ cells. It functions as a suppressor of differentiation and is a master regulator of pluripotency that controls lineage commitment (31, 35, 40) . Oct4 becomes downregulated when ES cells are induced to differentiate. Oct4 mRNA expression was assessed by RT-PCR in undifferentiated ES cells (day 0) and 10 days following induction of differentiation. The ratio of Oct4 mRNA expression to Hprt was used to assess whether Oct4 mRNA expression changed upon removal of LIF. Similar to alkaline phosphatase activity, Oct4 mRNA expression is downregulated in CXXC1 ϩ/ϩ ES cells and CXXC1 Ϫ/Ϫ ES cells expressing either Cfp1 1-656 , Cfp1 1-481 , Cfp1 1-367 , Cfp1 103-367 , or Cfp1 361-656 , indicating the ability to differentiate (Fig. 6) . In contrast, Oct4 mRNA expression persists in CXXC1 Ϫ/Ϫ and CXXC1 Ϫ/Ϫ ES cells expressing Cfp1 1-320 or Cfp1 318-481 (or carrying the empty expression vector) following removal of LIF, indicating that these cells fail to differentiate (Fig. 6) . CXXC1 ϩ/ϩ ES cells also induce expression of lineagespecific gene markers following removal of LIF and induction of differentiation, including Brachyury (mesoderm), ␤-H1 (primitive erythroid), gp-IIb (megakaryocyte), c-fms (myeloid), and Gata-4 (visceral/parietal endoderm). In contrast, ES cells lacking Cfp1 fail to induce expression of these differentiation markers upon removal of LIF (8) (Fig. 6) . CXXC1 Ϫ/Ϫ ES cells expressing either Cfp1 1-656 , Cfp1 1-481 , Cfp1 1-367 , Cfp1 103-367 , or Cfp1 361-656 induce expression of these lineagespecific markers 10 days following removal of LIF (Fig. 6) . In (Fig. 6) .
Taken together, these results are consistent with cytosine methylation and histone methylation rescue activity and indicate that expression of either the N-terminal (Cfp1 1-367 ) or the C-terminal (Cfp1 361-656 ) half of Cfp1 in CXXC1 Ϫ/Ϫ ES cells is sufficient to rescue in vitro differentiation. In addition, the rescue activity of Cfp1 103-367 reveals that the PHD1 domain is not essential for cellular differentiation. However, the basic domain is required for the amino terminal rescue activity because removal of the basic domain (Cfp1 1-320 ) results in an inability to rescue differentiation. In addition, loss of the PHD2 domain from the C-terminal Cfp1 318-481 fragment leads to a loss of differentiation rescue activity, demonstrating a requirement for the PHD2 domain.
Retention of either the DNA-binding domain or Setd1 association domain is required for Cfp1 rescue activity. To further define the functional domains required for Cfp1-mediated rescue activity, point mutations that abolish the DNA-binding activity of Cfp1 or ablate the interaction of Cfp1 with the Setd1 histone H3-Lys4 methyltransferase complexes were analyzed. Protein alignment between species reveals conservation of the CXXC and SID domains of Cfp1 (Fig. 7) . The C169A and C208A mutations were previously shown to abolish the DNAbinding activity of Cfp1 (26) . EMSAs reveal that the C169A and C208A mutations abolish DNA-binding activity of Cfp1 to an oligonucleotide probe that contains an unmethylated CpG dinucleotide (Fig. 7A) .
The C375A mutation and the mutations Y389A C390A S391A (YCS389-391AAA) within the SID were previously shown to ablate the interaction of Cfp1 with the Setd1A and Setd1B histone H3-Lys4 methyltransferase complexes (7) . FLAG immunoprecipitation was carried out using wild-type or mutated (C375A or YCS389-391AAA) forms of full-length Cfp1. Western blot analysis demonstrates that the C375A and YCS389-391AAA Cfp1 mutations abolish Cfp1 interaction with the Setd1A and Setd1B proteins, along with the other protein components of the Setd1 complexes, including Ash2, Rbbp5, Wdr5, and Wdr82 (Fig. 7B) .
Transfection experiments were performed to assess the functional significance of DNA-binding and Setd1 complex interaction domains of Cfp1. Various cDNA constructs encoding FLAG-tagged Cfp1 truncations and point mutations (Fig.  8A) were electroporated into CXXC1 Ϫ/Ϫ ES cells. Stably transfected clones were isolated and analyzed for protein expression, and clones expressing at least 50% of the level of Cfp1 observed in CXXC1 ϩ/ϩ ES cells were selected for analysis (Fig. 8B) . CXXC1 Ϫ/Ϫ ES cells expressing full-length Cfp1 that lacks DNA-binding activity (Cfp1 1-656 C169A) or full-length Cfp1 that fails to interact with the Setd1 histone H3-Lys4 methyltransferase complexes (Cfp1 1-656 C375A) exhibit normal plating efficiency (Fig. 9) . This was expected given the finding that either half of Cfp1 is sufficient to provide rescue activity (Fig.  3) . However, ablation of DNA-binding activity within the amino fragment of Cfp1 (Cfp1 1-367 C169A) or disruption of interaction with the Setd1 complexes within the carboxyl fragment of Cfp1 (Cfp1 361-656 C375A) results in loss of rescue activity (Fig. 9) . In addition, rescue of plating efficiency was not observed in CXXC1 Ϫ/Ϫ ES cells expressing Cfp1 1-656 C169A C375A. This indicates that retention of either DNA-binding domain or SID of Cfp1 is required to rescue ES cell plating efficiency.
Genomic DNA isolated from CXXC1 Ϫ/Ϫ ES cells expressing full-length Cfp1 lacking DNA-binding activity (Cfp1 1-656 C169A), or full-length Cfp1 that fails to interact with the Setd1 H3-Lys4 histone methyltransferase complexes (Cfp1 1-656 C375A) exhibit global cytosine methylation levels similar to CXXC1 ϩ/ϩ and CXXC1 Ϫ/Ϫ ES cells expressing Cfp1 (Fig.  10A) . In contrast, ablation of the DNA-binding activity in the amino terminal Cfp1 1-367 C169A or disruption of the Setd1 C375A results in loss of rescue activity (Fig. 10A ). In addition, CXXC1 Ϫ/Ϫ ES cells expressing Cfp1 1-656 C169A C375A also exhibit reduced cytosine methylation (Fig. 10A) .
Southern blot analysis of IAP repeats reveals a high level of cytosine methylation in DNA isolated from CXXC1 ϩ/ϩ and CXXC1 Ϫ/Ϫ ES cells expressing Cfp1 1-656 C169A or Cfp1 1-656 C375A (Fig. 10B) . In contrast, low-molecular-weight fragments (less than 4 kb), indicating decreased cytosine methylation, were observed at IAP repeats in DNA isolated from CXXC1 Ϫ/Ϫ and CXXC1 Ϫ/Ϫ ES cells expressing Cfp1 1-367 C169A, Cfp1 361-656 C375A, or the doubly mutated Cfp1 1-656 C169A C375A) (Fig. 10B) . (Fig. 10C ). In contrast, decreased Dnmt1 protein expression is not rescued in CXXC1 Ϫ/Ϫ ES cells expressing Cfp1 1-367 C169A, Cfp1 361-656 C375A, or Cfp1 1-656 C169A C375A (Fig. 10C) . Consistent with plating efficiency, these results indicate that retention of either the DNA-binding domain or SID of Cfp1 is required for appropriate Dnmt1 protein expression and global and sitespecific cytosine methylation.
Neither DNA-binding activity (Cfp1 1-367 C169A) nor interaction with the Setd1 complexes (Cfp1 361-656 C375A) is essential for full-length Cfp1 to restore normal histone H3-Lys4 trimethylation in CXXC1 Ϫ/Ϫ ES cells following removal of LIF from the growth medium (Fig. 11) . However, disruption of DNA-binding activity within Cfp1 1-367 C169A or disruption of interaction with the Setd1 complexes within Cfp1 361-656 C375A results in a failure to rescue the inappropriately increased levels of histone H3-Lys4 trimethylation in CXXC1 Ϫ/Ϫ ES cells following induction of differentiation (Fig. 11) . In addi- FIG. 10 . Retention of either the DNA-binding domain or SID of Cfp1 is required to rescue cytosine methylation. (A) Global cytosine methylation levels were determined by methyl acceptance assay for genomic DNA isolated from CXXC1 ϩ/ϩ , CXXC1 Ϫ/Ϫ , and CXXC1 Ϫ/Ϫ ES cells expressing full-length Cfp1 (1-656) or the indicated Cfp1 truncations or mutations (or carrying the empty expression vector). The graph summarizes three independent experiments, and error bars represent standard error. Asterisks denote statistically significant (P Ͻ 0.05) differences compared to CXXC1 Ϫ/Ϫ ES cells expressing Cfp1 . (B) Genomic DNA was isolated from the indicated ES cell lines and digested with MspI or HpaII, and Southern blot analysis was performed using a radiolabeled probe specific for IAP retrovirus repetitive elements. Arrows indicate bands that demonstrate cytosine hypomethylation. (C) Western blot analysis was performed on protein extracts derived from the indicated ES cell lines, using antiserum directed against Dnmt1 (7) and ␤-actin as a loading control. The graph summarizes data from at least three independent experiments, and error bars represent standard error. The data for the CXXC1 ϩ/ϩ , CXXC1 Ϫ/Ϫ , Cfp1 (1-656), and vector lanes are reproduced from Fig. 3 (Fig. 12A) . In contrast, CXXC1 Ϫ/Ϫ and CXXC1 Ϫ/Ϫ ES cells expressing Cfp1 1-367 C169A, Cfp1 361-656 C375A, or Cfp1 1-656 C169A C375A form small cell aggregates and fail to produce an outgrowth, indicating an inability to differentiate (Fig. 12A) (Fig. 12B) .
Similar to alkaline phosphatase activity, Oct4 mRNA expression is downregulated, and lineage-restricted differentiation markers are induced in CXXC1 ϩ/ϩ and CXXC1 Ϫ/Ϫ ES cells expressing Cfp1 1-656 , Cfp1 1-656 C169A, Cfp1 1-656 C375A, Cfp1 1-367 , or Cfp1 361-656 , following growth in medium lacking LIF, indicating the ability of these cells to achieve in vitro differentiation (Fig. 13) . In contrast, CXXC1 Ϫ/Ϫ and CXXC1 Ϫ/Ϫ ES cells expressing Cfp1 1-367 C169A, Cfp1 361-656 C375A, or Cfp1 1-656 C169A C375A fail to repress Oct4 mRNA expression and fail to induce lineage-restricted differentiation markers, indicating that these cells fail to differentiate (Fig. 13) .
Taken together, these results demonstrate that Cfp1 1-656 C169A and Cfp1 1-656 C375A exhibit rescue activity for a variety of defects observed in CXXC1 Ϫ/Ϫ ES cells, including plating efficiency, appropriate regulation of cytosine methylation and histone methylation, and in vitro differentiation. However, ablation of the DNA-binding activity in Cfp1 1-367 C169A or disruption of the Setd1 complex interaction in Cfp1 361-656 C375A results in loss of rescue activity. In addition, mutation of both the DNA-binding domain and the SID in Cfp1 1-656 C169A C375A ablates rescue activity. Similar findings were obtained when independent mutations that ablate Cfp1 DNAbinding activity (C208A) or Cfp1 interaction with the Setd1 complexes (YCS389-391AAA) were analyzed (data not shown). These findings indicate that retention of either the DNA-binding activity of Cfp1 or interaction of Cfp1 with the Setd1 histone H3-Lys4 methyltransferase complexes is required for Cfp1 function in ES cells.
DISCUSSION
The results of the structure-function studies reported here demonstrate that expression of either the amino half of Cfp1 (aa 1 to 367) or the carboxyl half of Cfp1 (aa 361 to 656) in CXXC1 Ϫ/Ϫ ES cells is sufficient to rescue defects in ES cell plating efficiency, cytosine methylation, histone methylation, and in vitro differentiation. Analysis of mutations within the Cfp1 CXXC domain (C169A) and SID (C375A) reveals that retention of either DNA-binding or Setd1 histone H3-Lys4 methyltransferase interaction domains of Cfp1 is required for rescue function in ES cells. Thus, no single domain of Cfp1 is required for rescue activity, and Cfp1 contains redundant functional domains. DNMT1 Ϫ/Ϫ ES cells exhibit an ϳ80 to 90% decrease in cytosine methylation and undergo apoptosis when induced to differentiate (3, 19) . Therefore, the observed 50% reduction in Dnmt1 protein and 70% reduction in cytosine methylation may be causally related to the inability of CXXC1 Ϫ/Ϫ ES cells to achieve in vitro differentiation. Rescue of normal levels of Dnmt1 protein in CXXC1 Ϫ/Ϫ ES cells upon expression of various Cfp1 mutations correlates with rescue of cytosine methylation, histone methylation, and in vitro differentiation. However, DNMT1 ϩ/Ϫ ES cells express similarly reduced levels of 
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Dnmt1 protein but retain normal levels of cytosine methylation (11, 29) . Therefore, it is unlikely that decreased Dnmt1 protein in CXXC1 Ϫ/Ϫ ES cells completely accounts for the observed decrease in cytosine methylation. Cfp1 may additionally be necessary for genomic targeting of Dnmt1 or regulating Dnmt1 enzymatic activity. Both amino and carboxyl fragments of Cfp1 interact with Dnmt1 in coimmunoprecipitation assays (7) . Thus, Cfp1 may recruit Dnmt1 to unmethylated CpG motifs to initiate cytosine methylation and transcriptional silencing. Importantly, the C375A point mutation within the SID does not ablate the interaction between Cfp1 361-656 and Dnmt1 (7), indicating that Cfp1 interacts independently with the DNA methyltransferase and the histone methyltransferase complexes. The finding that Cfp1 361-656 C375A retains interaction with Dnmt1 but lacks rescue activity highlights the functional importance of the association of the Setd1A and Setd1B histone H3-Lys4 methyltransferase complexes with the C-terminal fragment of Cfp1. Deletion of the PHD2 domain ablates the rescue activity of the carboxyl fragment of Cfp1. In addition, the PHD1 domain is specifically necessary for the amino terminal fragment of Cfp1 to rescue plating efficiency. Many PHD-containing proteins associate with chromatin and play a role in chromatinmediated transcriptional control (4, 47) . Recent studies have shown that PHD domains are binding modules for unmodified and methylated H3-Lys4 and methylated H3-Lys36 (30, 32, 39, 46, 48, 49) . Interestingly, the PHD1 domain of Spp1, the yeast homologue of Cfp1, binds methylated histone H3-Lys4 (49) . It remains to be determined whether the PHD domains of mammalian Cfp1 also bind to modified H3-Lys4 and whether they function in transcriptional regulation.
Removal of the basic domain from the Cfp1 1-320 results in ablation of rescue activity. Previous studies revealed that the basic domain (aa 318 to 367) is required for efficient subnuclear targeting of Cfp1 to nuclear speckles, association with the nuclear matrix, and transcriptional trans-activation activity (24) . The studies reported here reveal that, in the context of the amino-terminal fragment, the Cfp1 basic domain is additionally required for appropriate cytosine methylation, histone methylation, plating efficiency, and in vitro differentiation.
Retention of either the DNA-binding (CXXC) domain or SID of Cfp1 is essential for rescue of ES cell cytosine methylation, histone methylation, plating efficiency, and differentiation. CXXC domains have been identified in a number of chromatin-associated proteins including Dnmt1 (42); methyl-DNA-binding protein 1 (Mbd1), a protein that binds methylated DNA and recruits a histone H3-Lys9 methyltransferase (12); Fbxl11, a histone demethylase specific for H3-Lys36 (56); leukemia-associated protein Lcx, found in Mll1 fusion proteins associated with acute myeloid leukemia (37); and Mll1, a histone H3-Lys4 methyltransferase (5) . The MLL1 gene is a frequent target of chromosomal aberrations that are associated with leukemia (55) , and the CXXC motif is essential for the transforming capacity of Mll1 fusion proteins (5) . Similarly, mutation of the CXXC domain within Dnmt1 abolishes CXXC-mediated DNA binding and results in significant reduction of Dnmt1 catalytic activity and loss of genomic methylation of rDNA loci (42) .
Remarkably, the presence of the CXXC DNA-binding domain is not required for Cfp1-mediated rescue of cytosine methylation, and interaction with the Setd1 complexes is not required for Cfp1-mediated rescue of appropriately regulated histone H3-Lys4 trimethylation. The finding of redundancy of Cfp1 functional domains suggests a model in which cross talk between epigenetic modifications permits ES cells to establish and maintain normal epigenetic function (Fig. 14) . Thus, restoration of appropriate cytosine methylation might provide critical epigenetic marks to permit reestablishment and regulation of histone modifications, and restoration of appropriate regulation of histone H3-Lys4 methylation might permit subsequent restoration of normal patterns of cytosine methylation.
It is now firmly established that cytosine methylation and histone modifications are intimately interconnected (14, 52, 53, 60) . For example, Dnmt proteins associate with histone deacetylases, histone methyltransferases, and ATP-dependent chromatin remodeling enzymes (38) , and deletion of the DNMT1 gene results in increased histone acetylation and decreased H3-Lys9 methylation (52) . The histone H3-Lys27 methyltransferase Ezh2 is required for cytosine methylation and silencing of Ezh2-target promoters (58) . In addition, depletion of Ezh2 leads to decreased recruitment of the Dnmt proteins to Ezh2-target genes, decreased H3-Lys4 methylation, and derepression of target gene expression (58) . Loss of the catalytic SET domain of the histone H3-Lys4 methyltransferase Mll1 in mice causes defects in histone H3-Lys4 methylation and cytosine methylation at the promoters of several Hox genes (54) . Also, the Suv39h1 H3-Lys9 methyltransferase is required for Dnmt3b-dependent methylation at pericentromeric repeats (16, 27) . Hence, DNA methylation and histone modifications are highly integrated and mutually reinforcing mechanisms that establish and maintain heterochromatin. Cfp1 exhibits the interesting property of directly intersecting with both the cytosine methylation and histone methylation machinery. The results reported here identify Cfp1 as a possible integrator of epigenetic modifications.
